Cellular architectures require regulated mechanisms to correctly localize the appropriate plasma membrane lipids and proteins. Microvilli are dynamic filamentous-actin-based protrusions of the plasma membrane that are found in the apical membrane of epithelial cells. However, it remains poorly understood how their formation is regulated. In the present study, we found that sphingomyelin clustering underlies the formation of microvilli. Clustering of sphingomyelin is required for the co-clustering of the sialomucin membrane protein podocalyxin-1 at microvilli. Podocalyxin-1 recruits ezrin/radixin/moesin (ERM)-binding phosphoprotein-50 (EBP50; also known as NHERF1), which recruits ERM proteins and phosphatidylinositol 4-phosphate 5-kinase b (PIP5Kb). Thus, clustering of PIP5Kb leads to local accumulation of phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P 2 ], which enhances the accumulation of ERM family proteins and induces the formation of microvilli. The present study revealed novel interactions between sphingomyelin and the cytoskeletal proteins from which microvilli are formed, and it clarified the physiological importance of the chemical properties of sphingomyelin that facilitate cluster formation.
Introduction
Cellular membrane structures are formed by the coordination of specific membrane proteins and lipids. To clarify the organizing principles of autonomous formation of membrane architectures, we need to reveal what kinds of lipids are accumulated in the specialized structures in addition to proteins.
Microvilli are membrane protrusions that increase the surface area of cells and essential for perception and Ca 2+ signaling (Lange, 2011) . Microvilli consist of a core of bundled actin filaments tethered laterally to the plasma membrane by a member of the ERM family (Fehon et al., 2010) . One fundamental function of ERM family proteins is to crosslink actin filaments to the membrane. ERM family proteins have a COOH-terminal F-actin-binding region and NH2-terminal FERM domain, which is responsible for the binding to the cytoplasmic tails of various transmembrane proteins, PtdIns(4,5)P 2 , and to the PDZ (postsynaptic density 95/discs large/zona occludens-1)-domain-containing scaffolding protein EBP50 (ERM-binding phosphoprotein of 50 kDa) (Fehon et al., 2010) . EBP50 contains two PDZ domains followed by a COOH-terminus region that interacts directly with the FERM domain of ERM family proteins (Fehon et al., 2010; Voltz et al., 2001) . Mice lacking either ERM family proteins or EBP50 have short, aberrant microvilli on their epithelia, suggesting that the two proteins play essential roles in the formation and regulation of microvillar structure (Kikuchi et al., 2002; Morales et al., 2004; Saotome et al., 2004) . At the tips of microvilli, epidermal growth factor receptor substrate 8 (Eps8) is reported to participate in the initiation and elongation of microvillar actin filaments through its capping and bundling activities Disanza et al., 2004; Zwaenepoel et al., 2012) .
Thus, the importance of cytoplasmic proteins in the formation of microvilli had been revealed in the previous studies; however, the contribution of membrane lipids in the formation of microvilli has been largely underestimated. In the present study, we examined the roles of sphingomyelin in the formation of microvilli.
Results

Sphingomyelin clusters are new components of microvilli
In our previous study, we demonstrated that the clustering of sphingomyelin occurs only at the apical membrane in epithelial cells by using a sphingomyelin-binding toxin, lysenin (Ikenouchi et al., 2012) . To elucidate the physiological significance of sphingomyelin cluster formation, we conducted an immunoelectron microscopic examination of the localization of sphingomyelin clusters at the apical membrane. When cultured mouse epithelial cells (EpH4 cells) were stained with green fluorescent protein (GFP)-lysenin, using anti-GFP antibody and the gold-conjugated secondary antibody, immunogold particles were present selectively at the microvilli in the apical membrane, suggesting that microvilli are specialized membrane structures where sphingomyelin clusters localize (Fig. 1A) . To confirm this finding, we investigated the co-localization of sphingomyelin clusters using microvilli marker proteins.
In EpH4 cells stably expressing GFP-EBP50 or GFP-ezrin, co-localization of EBP50, ezrin, and sphingomyelin clusters was demonstrated at the apical membrane (Fig. 1B,C) . These findings indicated that sphingomyelin clusters are a component of the outer leaflet of microvilli.
Sphingomyelin clusters are essential for the microvilli formation
We next examined whether sphingomyelin clusters are involved in the formation or the maintenance of microvilli. To deplete sphingomyelin from the outer leaflet of the membrane, we treated EpH4 cells with bacterial sphingomyelinase (bSMase). After a 30-minute treatment with bSMase, lysenin was no longer bound to the apical membranes, and most of the GFP-EBP50 had been redistributed from the microvilli to the cytoplasm ( Fig. 2A) . Next, we examined how a reduction in the total amount of sphingomyelin in cells affected the distribution of EBP50. Poole and co-workers showed that, in another epithelial cell line, MDCK, the inhibition of sphingomyelin biosynthesis by the fumonisin B1 treatment led to a reduction in the number of microvilli (Poole et al., 2004) . Fumonisin B1 is known to inhibit sphinganine N-acyltransferase and de novo sphingolipid biosynthesis. Treatment with fumonisin B1 also led to the disappearance of GFP-EBP50 from the microvilli ( Fig. 2A) .
Close examination of the apical membranes of cells treated with bSMase or fumonisin B1 using scanning electron microscopy revealed that sphingomyelin depletion led to microvillar loss (Fig. 2B) . We confirmed that the microvillar distribution of Eps8 and actin filaments was abolished by sphingomyelin depletion (Fig. 2C,D) . We quantified the effects of sphingomyelin depletion by bSMase or fumonisin B1 treatment on microvilli formation judging from the staining patterns of F-actin and Eps8 (Fig. 2E) . The percentages of cells having normal microvilli were significantly decreased in cells treated with bSMase (65.362.9%) or in cells treated with fumonisin B1 (33.062.5%) when compared with untreated cells (97.761.2%).
To examine whether sphingomyelin depletion affects apical membrane identity, we checked the distribution of syntaxin-3, an apical marker protein, in sphingomyelin-depleted cells (supplementary material Fig. S1 ). Sphingomyelin depletion did not alter apico-basal polarity, judging from the normal localization of syntaxin-3 and p120 catenin in cells treated with bSMase or fumonisin B1.
Taken together, these results suggest that sphingomyelin clusters are required specifically for the formation of microvilli.
Sphingomyelin clusters associate with podocalyxin-1
We next analyzed the molecular mechanisms by which sphingomyelin clusters regulate the formation of microvilli. In previous studies, several transmembrane proteins were reported to bind to EBP50 directly (Fehon et al., 2010) . We chose to focus on the transmembrane protein podocalyxin-1 in the following experiments because podocalyxin-1 is an extensively Oglycosylated and sialylated single-pass transmembrane protein that has been shown to be essential for epithelial polarization, although the precise function of podocalyxin-1 remains unclear (Meder et al., 2005) . We established stable GFP-podocalyxin-1-expressing epithelial cells, and GFP-podocalyxin-1 and RFP-lysenin showed co-localization at the microvilli (Fig. 3A) . When treated with bSMase, GFP-podocalyxin-1 disappeared from the microvilli and redistributed over the entire apical membrane (Fig. 3A) . The percentage of cells in which GFP-podocalyxin-1 localized at apical puncta was significantly lower in cells treated with bSMase (50.761.8%) than in untreated cells (99.060.6%) (Fig. 3B) .
We next used giant plasma membrane vesicles (GPMVs) to examine whether or not GFP-podocalyxin-1 intrinsically associates with membranes containing sphingomyelin clusters. The GPMVs were formed by chemically induced plasma membrane blebbing (Baumgart et al., 2007) . As GPMVs are known to be free of cytoskeletal constraints, we examined whether podocalyxin-1 possesses an intrinsic property of association with sphingomyelin clusters in the cell membrane. When GPMVs were deprived of EpH4 cells expressing GFPpodocalyxin-1, GFP-podocalyxin-1 co-localized with RFPlysenin in small membrane domains in GPMVs, indicating that the GFP-podocalyxin-1 associated with sphingomyelin clusters without the help of cytoskeletal proteins (Fig. 3C) . Furthermore, removal of sphingomyelin by treating GPMVs with bSMase changed the distribution patterns of podocalyxin-1 in GPMVs (Fig. 3C ). We confirmed that ezrin, EBP-50, and actin were not associated with the plasma membranes of GPMVs and resided in the cytoplasm of GPMVs (Fig. 3D ). When GPMVs were deprived of EpH4 cells expressing GFP-claudin-3, another membrane protein expressed in epithelial cells, GFP-claudin-3, did not show co-localization with RFP-lysenin. This indicated that podocalyxin-1 specifically co-localized with sphingomyelin clusters (Fig. 3D) .
Taken together, these results indicate that sphingomyelin clusters and podocalyxin-1 form co-clusters solely via lipidprotein interactions and sphingomyelin clusters are required for the clustering of podocalyxin-1.
PIP5Kb is responsible for the production of PtdIns(4,5)P 2 at microvilli
In previous studies, another phospholipid species, PtdIns(4,5)P 2 , was reported to be essential for the formation of microvilli . PtdIns(4,5)P 2 plays essential roles in the activation of ERM family proteins, enhancing their binding to membrane proteins and actin filaments (Niggli, 2001) . In support of this, a crystal structure analysis demonstrated that the Nterminal half of radixin contains a basic cleft that can bind to the headgroup of PtdIns(4,5)P 2 (Hamada et al., 2000) . Therefore, we next examined the relationship between sphingomyelin clusters and PtdIns(4,5)P 2 . When expressed in EpH4 cells, GFP-PLCd-PH, which is known to bind to PtdIns(4,5)P 2 specifically (Várnai and Balla, 1998) , co-localized with RFP-lysenin at the microvilli (Fig. 4A ). When treated with bSMase, GFP-PLCd-PH disappeared from the microvilli (Fig. 4A) . The percentage of cells in which GFP-PLCd-PH localized at apical puncta was (A) EpH4 cells stably expressing GFP-EBP50 were treated with bSMase before being subjected to staining for 30 minutes at 37˚C, or were treated with fumonisin B1 before being subjected to staining for 48 hours at 37˚C. In bSMase-or fumonisin-B1-treated cells, lysenin staining in the apical membrane disappeared. Scale bar: 10 mm. (B) Scanning electron microscopic analysis was performed on untreated cells or cells treated with bSMase or fumonisin B1. Scale bar: 10 mm. (C,D) EpH4 cells stably expressing GFP-Eps8 were treated with bSMase or fumonisin B1 and stained for phalloidin. Microvillar distribution of Eps8 and actin filaments (arrowhead: Mv) was abolished by depletion of sphingomyelin. Scale bar: 10 mm. (E) The percentages were calculated as (the number of cells having normal microvilli based on the staining patterns of F-actin and Eps8)/(the total cell number based on staining with DAPI) in the same field. We defined cells that had more than 100 microvilli as cells having normal microvilli. In each experiment, the total cell number was 100 (n53). Data are mean 6 s.d.; *P,0.05 (Student's t-test).
significantly lower in cells treated with bSMase (59.762.8%) than in untreated cells (95.060.6%) (Fig. 4B) . These results suggest that sphingomyelin clusters in the outer leaflet are required for the local accumulation of PtdIns(4,5)P 2 in the inner leaflet.
We attempted to elucidate the molecular mechanisms by which sphingomyelin clusters are involved in the enrichment of PtdIns(4,5)P 2 in the microvillar membrane region. We examined whether PIP5Ks, major PtdIns(4,5)P 2 -generating enzymes, co-localized with sphingomyelin clusters in the microvilli. When GFP-PIP5Ka, GFP-PIP5Kb or GFP-PIP5Kc was expressed in EpH4 cells, GFP-PIP5Kb only showed colocalization with RFP-lysenin at the microvilli ( Fig. 4C ; supplementary material Fig. S2 ). The localization of GFPPIP5Kb was affected by the disruption of sphingomyelin clusters by bSMase treatment (Fig. 4C) . The percentage of cells in which GFP-PIP5Kb localized at apical puncta was significantly lower in cells treated with bSMase (57.062.6%) than in untreated cells (97.661.5%) (Fig. 4D) .
We next evaluated the functional importance of PIP5Kb in the microvilli formation. Overexpression of the Myc-tagged dominant-negative form of PIP5Kb (Myc-PIP5Kb K138A) significantly inhibited the formation of microvilli, judging from the localization of GFP-Eps8 (Fig. 4E) . When expressed at a low expression level, Myc-PIP5Kb K138A showed colocalization with RFP-lysenin at the microvilli (Fig. 4E) . The percentages of cells having normal microvilli were significantly lower in cells overexpressing Myc-PIP5Kb K138A (72.368.6%) than in cells overexpressing Myc-PIP5Kb (99.060.6%) (Fig. 4F) .
The question remains regarding how PIP5Kb is recruited to the microvilli. As PIP5Kb has a PDZ-binding motif in its COOHterminus, we first examined the importance of the PDZ-binding motif for localization at microvilli. When the PDZ-binding motif DTHL was mutated to AAAA (4A mutant), the microvillar localization of PIP5Kb was abolished, indicating that the COOHterminal PDZ-binding motif contributes to restricted localization (Fig. 4G) . EBP-50 is a scaffold protein containing two PDZ domains, and we examined the possibility that EBP-50 is a binding partner of PIP5Kb at the microvilli. We checked the direct interaction between PIP5Kb and EBP-50. PIP5Kb directly binds to the PDZ-1 domain of EBP-50 (supplementary material Fig. S3 ). Previously, podocalyxin-1 was reported to bind to the PDZ-2 domain of EBP50 (Hsu et al., 2010) . In our hands, podocalyxin-1 bound to both the PDZ1 domain and the PDZ2 domain of EBP-50 (supplementary material Fig. S3 ). Therefore, we examined whether podocalyxin-1 forms a ternary complex with PIP5Kb in the presence of EBP-50. HEK293 cells were transfected with GFP-tagged wild-type EBP-50 or PDZ1&2 mutant of EBP-50 together with Myc-tagged PIP5Kb. Myctagged PIP5Kb bound to the GST-tagged cytoplasmic tail of podocalyxin-1 only in the presence of GFP-tagged wild-type EBP-50 (Fig. 4H) . Considering these results, we propose that PIP5Kb is recruited to the microvilli by its interaction with EBP-50, which in turn binds to podocalyxin-1 associated with sphingomyelin clusters (Fig. 4I) .
Forced multimerization of podcalyxin-1 restores microvilli formation in the absence of sphingomyelin Based on these observations, we hypothesized that the role of sphingomyelin clusters in the formation of microvilli is to promote the cluster formation of a complex containing podcalyxin-1, EBP50, and PIP5Kb, which leads to the local accumulation of PtdIns(4,5)P 2 and the subsequent activation of ERM family proteins, and ultimately to microvilli formation. To test this hypothesis, we examined whether a sphingomyelin deficiency can be overcome by the forced multimerization of the podcalyxin complex using an FKBP system (Spencer et al., 1993) .
In L fibroblasts stably expressing GFP-EBP50, GFP-EBP50 and RFP-lysenin show co-localization at the microvilli, as in the case of EpH4 cells (Fig. 5A) . Treatment with bSMase leads to the destruction of microvilli, as determined by the localization of EBP50 and F-actin (Fig. 5B) .
When L fibroblasts were transfected with the HA-tagged cytoplasmic tail of podocalyxin-1 together with a myristoylation signal (Myr-FKBP2-PodC), Myc-tagged PIP5Kb, and GFP-EBP50 and then were treated with bSMase, the cytoplasmic tail of podocalyxin-1 was forcibly localized along the entire plasma membrane and Myc-tagged PIP5Kb and GFP-EBP50 were recruited to the plasma membrane (Fig. 5C,D) .
When AP20187 was added to the medium to forcibly multimerize Myr-FKBP2-PodC in L cells treated with bSMase, large numbers of microvilli-like protrusions containing F-actin and phosphorylated form of ezrin were formed even in the absence of sphingomyelin, as revealed by immunofluorescence microscopy ( Fig. 5D; supplementary material Fig. S4 ). These results favor the notion that the local accumulation of the ternary complex composed of podcalyxin-1, EBP50, and PIP5Kb is sufficient for the ectopic induction of microvilli.
Discussion
The present study results suggest that the inhomogeneous distribution of sphingomyelin in the plasma membrane underlies the dynamic assembly of the molecular complex required to form microvilli.
However, the molecular mechanisms that regulate the coclustering of podocalyxin-1 with sphingomyelin clusters at the apical membrane remain unknown. As sphingolipids are reported to be segregated during the formation of secretory vesicles at the trans-Golgi network (Klemm et al., 2009 ), co-clustering of sphingomyelin and podocalyxin-1 may occur not only at the apical membrane but also at the trans-Golgi network. Yu and coworkers reported that EBP50 regulates the oligomerization of podocalyxin-1 at the trans-Golgi network and is required for apical sorting (Yu et al., 2007) . However, they also showed that 80% of podocalyxin-1 lacking the PDZ-binding motif, which did not bind to EBP50, was still sorted normally to the apical membrane. Thus, sphingomyelin and EBP50 may co-operatively facilitate the oligomerization of podocalyxin-1 at the trans-Golgi network and the apical sorting of oligomerized podocalyxin-1, resulting in the nucleation of the microvilli.
Another important issue concerns the diffusion barrier of lipids in the microvilli. In the present study, we showed that PtdIns(4,5)P 2 are enriched just beneath the sphingomyelin clusters at the apical membrane. To maintain the microvillar structures, the diffusion of sphingomyelin and PtdIns(4,5)P 2 should be restricted. Recently, PtdIns(4,5)P 2 was also reported to be enriched beneath the sphingomyelin clusters in the cleavage furrows of dividing cells (Abe et al., 2012) . There are several possible molecular mechanisms underlying the action of the lipid barrier. First, the actin filament bundle of the microvillar shaft regions, together with ankyrins, spectrins, and septins, may restrict the mobility of PtdIns(4,5)P 2 . Second, there may be electrostatic interaction between the PtdIns(4,5)P 2 and cytoplasmic tails of membrane proteins, including podocalixin-1, at the microvilli. Recently, syntaxin-1A and PtdIns(4,5)P 2 were shown to co-cluster via electrostatic interactions between polybasic juxtamembrane regions of syntaxin-1 and the negatively charged head group of PtdIns(4,5)P 2 (van den Bogaart et al., 2011) . Third, positive feedback mechanisms that facilitate PtdIns(4,5)P 2 production may exist at the inner leaflets of sphingomyelin clusters. In future studies, it will be necessary to clarify how specific lipids can be maintained in the specific membrane regions.
To date, the mechanisms regulating the density of and distribution of microvilli in the apical membrane remain entirely unknown. To fully address these issues, identification of the factors involved in regulating sphingomyelin clusters in the apical membrane of epithelial cells will be necessary; our group is currently conducting such a study. (A) Two different lipid species, PtdIns(4,5)P 2 and sphingomyelin, showed accumulation at the inner and outer membranes of microvilli, respectively (upper panel). After treatment with bSMase, the enrichment of PtdIns(4,5)P 2 was disrupted (lower panel). Scale bar: 10 mm. (B) The percentages were calculated as (the number of cells in which GFP-PLCd-PH localized at microvilli)/(the total cell number based on staining with DAPI) in the same field. In each experiment, the total cell number was 100 (n53). Data are mean6s.d., *P,0.05 (Student's t-test). (C) The microvillar localization of PIP5Kb was affected by treatment with bSMase. Scale bar: 10 mm. (D) The percentages were calculated as (the number of cells in which GFP-PIP5Kb localized at microvilli)/(the total cell number based on staining with DAPI) in the same field. In each experiment, the total cell number was 100 (n53). Data are mean 6 s.d., *P,0.05 (Student's t-test). (E) Overexpression of dominantnegative PIP5Kb inhibited the formation of microvilli (upper panel) . When expressed at a low level, Myc-PIP5Kb K138A showed colocalization with RFP-lysenin at the microvilli (lower panel). Scale bars: 10 mm. (F) The percentages were calculated as (the number of cells in which Myc-PIP5Kb or Myc-PIP5Kb K138A were overexpressed and GFP-Eps8 localized normally at microvilli)/(the number of cells in which Myc-PIP5Kb or Myc-PIP5Kb K138A were overexpressed) in the same field. In each experiment, the total cell number was 100 (n53). Data are mean 6 s.d., *P,0.05 (Student's t-test). 
Materials and Methods
Materials
EpH4 cells (generously provided by Dr E. Reichmann, Institute Suisse de Recherches, Lausanne, Switzerland) and L fibroblasts were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. The cDNA encoding lysenin (161 aa-298 aa) was amplified by PCR and supplemented with EGFP or a monomeric RFP (mRFP) tag and ligated into the pRSET vector. His-EGFP or mRFP-lysenin(161-298) was expressed in E. coli and was purified by affinity chromatography using a TALON metal affinity resin (Clontech, Palo Alto, CA) (Ikenouchi et al., 2012) . Rabbit anti-phospho-ezrin (Thr567) antibody and rabbit anti-syntaxin 3 antibody were purchased from Cell Signaling Technology and Synaptic Systems, respectively. Bacterial sphingomyelinase from Staphylococcus aureus and fumonisin B1 from Fusarium moniliforme were purchased from Sigma.
cDNAs of mouse EBP50, ezrin, Eps8, podocalyxin-1, PH domain of PLCd and claudin-3 were amplified by RT-PCR using the cDNA library of EpH4 cells as a template. Each amplified fragment was subcloned into the pCAGGS-EGFP vector or pCAGGS-Myc. To express Myr-FKBP2-PodC, the following plasmid was constructed. The cytoplasmic tail of podocalyxin-1, cloned by PCR amplification, was subcloned into pC4M-Fv2E (Regulated Homodimerization Kit, ARIAD; www. ariad.com), providing an N-terminal myristoylation sequence, two tandem FKBP domains, and hemagglutinin (HA) epitope sequence. The entire N-terminal myristoylation signal, cytoplasmic tail of podocalyxin-1, two tandem FKBP domains, and HA sequence was subcloned into pCAGGS vector. The pC4M-Fv2E plasmid and the dimerization reagent, AP20187, were kindly provided by ARIAD.
Fluorescence microscopy
Cells cultured on coverslips were fixed with 1% paraformaldehyde for 5 min. After washing with PBS containing 0.9 mM CaCl 2 and 0.5 mM MgCl 2 (PBS+), cells were treated with 50 mg/ml digitonin for 10 min on ice for permeabilization. The permeabilized cells were incubated with 1 mg/ml recombinant GFP-tagged or A myristoylation sequence was added to the NH2 terminus of the cytoplasmic region of podocalyxin-1, and two tandem FKBP domains were fused to its C terminus (Myr-FKBP2-PodC). A myristoylation sequence was added for targeting the cytoplasmic region of podocalyxin-1 to the plasma membrane. Two FKBP domains were added for inducible multimerization of the cytoplasmic region of podocalyxin-1 by the addition of AP20187 in order to mimic the co-clustering effect of sphingomyelin clusters. (D) L fibroblasts were transfected with Myr-FKBP2-PodC, GFP-EBP50, and MycPIP5Kb and were treated with bSMase for 30 min at 37˚C. The transfected cells were then incubated for an additional 30 min at 37˚C either in the presence or absence of AP20187. Scale bar, 10 mm. mRFP-tagged lysenin at 4˚C on ice for 10 min. After washing with PBS+, cells were fixed with 2% paraformaldehyde for 10 min on ice. This second fixation was necessary to immobilize lysenin and prevent artificial aggregation. Blocking was done by incubating the fixed cells with 5% BSA in PBS for 10 min at room temperature. After the antibodies had been diluted with the blocking solution, the cells were incubated at room temperature for 1 h with the primary antibody and then for 30 min with the secondary antibody. The procedure of double immunofluorescence microscopy was as described previously (Ikenouchi et al. 2010) . The fluorescence was examined using a 636 oil immersion objective and a Zeiss Axiovert 200 microscope at room temperature.
In vitro binding assay
The in vitro binding assay was performed as described previously (Ikenouchi et al. 2010) . In brief, HEK293 cells were transfected with expression vectors and then lysed with lysis buffer containing 20 mM Hepes (pH 7.4), 50 mM NaCl, 2 mM EGTA, 2 mM MgCl 2 , 1% Triton X-100, 2 mM DTT, 1 mM PMSF, 2 mg/ml leupeptin and 0.25% aprotinin. The lysates were mixed with glutathione Sepharose 4b beads (GE Healthcare) preadsorbed with GST fusion proteins. After extensive washing with the lysis buffer, bound proteins were eluted with SDS sample buffer.
Immunoelectron microscopy
Confluent EpH4 cells were labelled with GFP-lysenin as described previously (Ikenouchi et al., 2012) . Briefly, cells were fixed for 15 min in 4% formaldehyde in 0.1 M Hepes pH 7.5. Samples were washed with PBS containing 30 mM glycine. The rabbit anti-GFP antibody (MBL) (1:100 dilution) and the Alexa Fluor 594 FluoroNanogold-anti rabbit (Nanoprobes) (1:50 dilution) were used as in immunofluorescence microscopy. After confirming the localization of Alexa Fluor 594-labeled lysenin under a fluorescence microscope, the samples were fixed for 1 hr in 1% glutaraldehyde in 0.1 M Hepes pH 7.5, and gold particles much larger in size were obtained by using the GoldEnhance EM (Nanoprobes) in accordance with the manufacturer's protocol. The samples were then embedded in resin (Polybed 812; Polyscience). Ultrathin sections were stained with uranyl acetate and lead citrate before observation with an electron microscope (JEM-1010; JEOL).
Giant plasma membrane vesicles (GPMVs)
The method used for GMPV preparation was described previously (Baumgart et al., 2007) .
Scanning electron microscopy
Samples were fixed with 2% fresh formaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 hours at room temperature. After washing with 0.1 M cacodylate buffer (pH 7.4) three times (5 minutes each), they were postfixed with ice-cold 1% OsO 4 in the same buffer for 2 hours. The samples were then dehydrated in a graded ethanol series, transferred into isoamyl acetate, and dried in a critical point drier (JCPD-5, JEOL) after substitution with liquid CO2. Dried samples were coated with osmium using an osmium coater (Neoc-STB, Meiwafosis Co., Ltd), and were examined under a scanning electron microscope (JSM-5610LV, JEOL) at an accelerating voltage of 10 kV.
